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Hip arthroplasty in elderly patients is the most progressive method
of medical treatment. The method provides rapid recovery and reha-
bilitation of musculoskeletal systems at an earlier period. The aim
of the present study was to analyze the structural and mechanical
properties of unipolar prosthesis head surfaces made of titanium
and stainless steel and coated by oxide and oxynitride nanocom-
posite for hemiarthroplastic hip replacement as well as clinical
approbation of prostheses « BES-T Manufacturingy (Ukraine), for
possibility of applying this technology in traumatology. The struc-
ture of 41,0, (MS) and AIN/ AI20 , (MS) magnetron sputtered films
was investigated by means of XPS and XRD methods. The surface
topography and roughness was estimated by profilometer Hommel
T-2000 measurements and by AFM method. ElvaX spectrometer
is modern analytical equipment for high-line non-destructive el-
emental analysis. The analysis of the results of treatment patient s
with fractures of the femoral neck under observation period from
12 months to 3 years was presented. The unipolar hip replacement
operations were made in urban trauma hospital during the period
from 2012 to 2014. The age of patients was in the range from 72
to 86 years. All patients had a history of intra-articular fractures
of the femoral neck. The joint femoral head surfaces with nano-
composite oxide and oxinitride coatings demonstrate improved
biocompatibility due to wettability increasing and fluid friction
characteristics advancing. The deep understanding of the tribology
of artificial joints is essential for reducing wear and corrosion of
modern prostheses. Deposition of ceramic coatings on a surface
of metal artificial joint’s head is an effective way to advance the
functional characteristics of unipolar and bipolar prosthesis for
joint arthroplasty.
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BHnoonpomesuposanue mazode0peHHo20 cycmasa y nONCUNbIX na-
Yuenmos — Haubonee NPOPecCcUBHbILL MeMOO JIeUeHUs NepeloMos
wetiku bedpennotl kocmu. Memoo obecneuusaem o6vicmpoe 80c-
cmanosnenue U peaduaumayuo OnOPHO-08ULAMENLHO CUCHIEMbL
6 6onee pannuti nepuod. Llens: npoanarusupoeams cmpykmypHuie
U Mexanuyeckue c8oUCmBad 201080K OOHONONIOCHLIX IHOONPOME308
Maz06e0peHHo20 Cycmasa u3 mumana u Heprcaseroujel cmanu
€ OKCUOHBIMU U OKCUHUMPUOHBLMU HAHOKOMROZUMHBIMU NOKDOIMU-
AMU, A MAKIHCE NPOBECIU KIUHUHECKYIO AnpoOayuro 3HOONPOme308
«BES-T Manufacturing» (Yxpauna). Memoowi: nanooxcuonvle
NOKPbIMUsL 201080K OOHONOMIOCHBIX IHOONPOME308 UCCIe008ANU
¢ nomowwio npoguromempa Hommel T-2000, svinonusnu xoppo-
suonnvle mecmol. C nomowvio cnekmpomempa ElvaX npoananu-
3UPOBAU CKONb3AUUE NOBEPXHOCMU MUMAHA U Hepicaseuell
Ccmanu OOHONONOCHBIX IHOONPOME308, YOAIEHHBIX NPU PEBUSUOHHOM
anoonpomesuposaruu. B nepuoo c 2012 no 2014 ee. 14 nayuenmram
6 go3pacme 72—86 nem ¢ nepenomamu wieliku OeopeHHOU Kocmu
BbINOTHEHA 2EMUAPMPONIACIIUKA C NOMOWbIO OOHONONIOCHOZ0
anoonpomesa pupmor « BES-T Manufacturingy. Tonoeka 3H00-
npomesa us Heporcaserowell Cmaii KOHXOUOHOU (opmbl NOKpvima
nuenKotl u3 Hanocmpykmypuposantozo ALO . Onepayuu npogedensi
6 MPABMAMONOUYECKUX OMOETEHUSAX 20POOCKUX O0NbHUY. Pe3ynb-
mamul: 20106KU YHOONPOME308 ¢ OKCUOHBIMU U OKCUHUMPUOHBIMU
HAHOKOMNO3UMHBIMU NOKPLIMUAMU 001a0aiom YIy4uleHHOU Ouo-
COBMECHUMOCbIO U YBENUYEHHOT CMAYUBAEMOCTbIO NOBEPXHOCHIU.
TIpumenenue docmudicenuti mpubonoul 6 UCKYCCMEeHHbIX CYCma-
6aX UPE3BLIYATIHO BANCHO OJISL CHUNCEHUS USHOCA U KOPPO3UU IHOO-
npomesos. Hanecenue kepamuieckux nokpeimutl Ha NOBEPXHOCMU
20/1060K MEMAITUYECKUX UCKYCCMBEHHBIX CYCMABO8 IPDEKMUEHO
0151 COBEPUIEHCTNBOBANUSA UX (DYHKYUOHATbHBIX XAPAKMEPUCIUK.
Jlannas mexuuyeckas paspabomra moxcem Ol UCNOTb308AHA
u 6 cnyuae OUNONAPHOZO NPOMEIUPOBAHUA MAZ0OEOPEHHO20 CY-
cmasa. Kniouegvie cnosa: eeMuapmponiacmuka, UckyccmeenHble
Cycmasbl, MHO2OCILOUHbIE NOKPBINUS, MPUOOIO2USL, CMAYUBAEMOCTID.
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Introduction

The total replacement of hip-femoral joints is
a successful, safe and cost-effective clinical treatment
in modern medicine practice [1-3]. Femoral neck
fractures are a common insufficiency fracture in the
elderly. The ageing of population requires new advanc-
ing strategies of patient’s treatment. The most common
medical indication for surgery operation is advanced
osteoarthritis, a degenerative joint disease, and loss
of mobility functions. Other factors are various bone
defects caused by accidents or diseases. At the process
of the femoral head arthroplasty the most important
is the evaluation of patient’s anatomical features for
enhancement of tribological parameters of modular
joints. The principal advantage of modular prosthesis
application is the possibility of revision operation in the
case of significant migration of joint femoral head to
pelvis. The long-term experience of different patience
group’s research demonstrates high survival parameters
under medical observations above 20-30 years [4-8].

Quality of life after hip arthroplasty and function
of artificial joints are much better than using the osteo-
synthesis [9—11]. Taking into account, that in such case
the degree of surgical intervention using unipolar and
bipolar prosthesis lower, and the majority of elderly
patients have concurrent somatic diseases, hemiarthro-
plasty remains the method of choice for fractures of
the femoral neck [12—16]. In modern clinical practice,
mainly Austin-Moore and Thompson joints, with no
significant design changes in the shape and material
of the prosthesis head, which should protect against
damage to the cartilage of the acetabulum are applied.
The prosthesis heads used in joint replacement made
the mechanical functions only, have not the specific
biophysical properties. These prosthesis types are not
adapted to work in tandem with articular cartilage as
antifriction microporous elastic tissue, the pores of
which are filled with synovial fluid that performs the
function of «lubrication» of the joint.

Under the loading conditions, the joint synovial
fluid is squeezed out of the pores in the areas of great-
est contact stress, degeneration of cartilage and sub-
chondral bone. Therefore, the absence of a biological
system of endoprostheses lubrication causes fatigue
mechanism of wear and, as a result, the migration of
the prosthesis head. Also often patients disturb a pain
in the post operation period after unipolar prosthetics.
Patient’s quality of life significantly reduces because of
chronic pain syndrome. One of the immediate causes
of pain may be a nidus of inflammation formed by the
accumulation of wear debris surrounding the implant

tissues, especially in the case of titanium. The most
important complication, which limits the lifetime of
prosthesis, is aseptic loosening due to an inflammatory
reaction against wear debris that can occur even many
years after surgery. Adverse tissue reactions, such as
the formation of pseudotumours, are frequent com-
plications after operations [11-13]. Also, the clinical
cases of metallosis after using the unipolar prostheses,
when the accumulation of wear debris leads to pain,
inflammation, bone resorption .have been reported.
The average period of the clinical complications and
the migration of the femoral head may be 5-8 years
after prosthesis, but there are reports of revision surgery
after 10—13 years after hemiarthroplasty [16]. Problems
with friction in the case of total arthroplasty also were
reported [17—19]. One solution to this problem has been
to increase the mechanical and hydrophilic properties
of the prosthesis head surface by means of different
coating deposition methods [20-22].

The continuous intense efforts are focused to devel-
op novel prosthesis designs and materials with tailored
properties in order to increase lifetime and to reduce
the necessity of revision treatment. Wear is defined as
the most important limitation to long-term stability of
artificial joints. The presence of a lubricant film or coat-
ings in the contact region may minimize surface dam-
age and material losses. Significant interest is focused
to tribological performance of modern prosthesis. The
application of metal materials with ceramic coatings is
the effective way of alternative bearing surfaces for-
mation. The ceramic aluminum oxide and oxynitride
coatings (fig. 1) are widely used as protective coatings
against wear, diffusion and corrosion [23-25]. The en-
hancement of mechanical properties such as hardness
parameters, effective Young’s modulus, and tough-
ness of the coatings is very important for tribological
performance of the next generation of ceramic-coated
femoral heads of unipolar prosthesis and total joints.

The aim of the present study was to analyze the
structural and mechanical properties of unipolar pros-
thesis head surfaces made of titanium and stainless steel
and coated by oxide and oxynitride nanocomposite for
hemiarthroplastic hip replacement as well as clinical
approbation of prostheses «BES-T Manufacturing»
(Ukraine), for possibility of applying this technology
in traumatology.

Material and methods

The substrates for deposited coatings were the
popular implant materials such as the stainless steel
(1H18N9) and titanium-based material (Ti4Al6V). The
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Fig. 1. Unipolar femoral head surfaces made of stainless steel coated by oxide and oxynitride nanocomposite films

substrates were cleaned in ultrasonic bath with stan-
dard technology. The nano structural AL,O, (MS) and
AIN/ A120, (MS) films were deposited by magnetron
sputtering method in high vacuum pumping system.
The main details of the magnetron and ion source in
the sputtering chamber were demonstrated at [21-25].

The structure of AL O, (MS) and AIN/ A120, (MS)
magnetron sputtered films was investigated by means
of XPS and XRD methods. X-ray diffraction profiles
of ALO, (MS) were observed by means of diffraction
device «kDRON-3» with filtered Cu-Ku radiation.
X-ray photoelectron spectroscopy was carried out
using ESCALAB MKII (VG Scientific) electron spec-
trometer, using AlKalpha X-ray source (excitation
energy hv = 1486.6 eV). The instrumental resolution
measured as the full width at a half maximum (FWHM)
of the Ag3d5/2, photoelectron peak is 1 eV. The coat-
ings thickness, hardness and elastic modulus, were
evaluated by standard methods [24].The adhesion
parameters and friction coefficients were measured
by Scratch method within the load range of 0-200 N.
The surface topography and roughness was estimated
by profilometer Hommel T-2000 measurements and by
AFM method. The abrasive wear of different coatings
on metal substrates were investigated according to
[26, 27] and reported previously [23-25].

The corrosion tests by potentiodynamic method,
Tafel and Stern curves were made by Potentiostat
PARSTAT 2263 (AMETEK, USA). The corrosion
examinations of anodic polarization at the potential
range —1.0V—+2.0 V with scanning rate 1mv/s, Tafel
—0.050 V—+0.050 V and Stern ——0.020 V—+0.020 V
range curves at 0.5 N NaCl and SBF (NaCl -8§,035,
NaHCO, -0,355, KC1 0,225, K, HPO, 3H,0 0,231,
MgCl, 6H,0 0,311, CaCl, -0,292, Na,SO, —0,072)
at pH = 7.4 and temperature 37 °C solu-tions were
recorded. Advancing contact angles were measured
by Wilhelm’s method (Kruss K12) at temperature
20 °C [21].

ElvaX spectrometer is modern analytical equipment
for high-line non-destructive elemental analysis. The
device is designed for rapid qualitative and quantitative
analysis of materials from the contents of the chemical
elements Mg (atomic number Z =12) to U (Z=92) over
awide range of concentrations. Accuracy of determining
concentrations of metals in alloys 0,1-0,3 %. Limits of
detection of metal impurities are of the order of 10 ppm.

The analysis of the results of treatment of 12 patients
with fractures of the femoral neck under observation
period from 12 months to 3 years was presented. The
unipolar hip replacement operations were made in
urban trauma hospital during the period from 2010 to
2014 for 10 women and 2 men. The age of patients
was in the range from 69 to 83 years. All patients had
a history of intra-articular fractures of the femoral
neck. In our clinical observations used the following
unipolar prostheses: titanium prosthesis of «Inmed»
(Kiev, Ukraine) — 1 piece, prosthesis company «Motor
Sich» (Zaporozhye, Ukraine) — 3 pieces, prosthesis
of «KORTEN» (Dnepropetrovsk, Ukraine) — 2 pieces,
stainless steel prosthesis by company «Narang» (India)
— 6 pieces. An elemental com-position of the surface
of the head of the prosthesis in the most exposed areas
was stud-ied by the spectrometer ElvaX. The upper
pole of the head of the prosthesis (exposed surfaces),
the lower pole of the prosthesis head (not exposed
surfaces), the surface of the cement mantle near the
neck of the prosthesis, the surface of the bone near the
neck of the prosthesis were observed.

For 14 patients, women 72—-86 years, unipolar
prosthesis of stainless steel («kBES-T Manufacturing,
Ukraine) were implanted in 2012-2014 years. The
heads of the fem-oral prosthesis «kBES-T Manufactur-
ing» were coated by oxide and oxynitride nanocom-
posite ceramic films. Patients were examined clinically.
Radiographs of the hip were performed in direct projec-
tion at 3, 6, 12, 24, 30 months. The clinical observation
of pa-tients was recorded.
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Results and discussion

The structure of oxide and composite magnetron
sputtering (MS) thin films was investigated by means
of XPS and XRD methods. X-ray diffraction profiles of
MS de-posited coatings .demonstrate a lower crystal-
linity. The structural analysis of coatings by means of
XPS method also was made [20, 24]. The photoelec-
tron spectra of Al2p, Ols, N1s and Cls were observed
and confirmed strong compound stoichiometric com-
position. The surface structure and morphology was
investigated by means of AFM and SEM methods.
The surface of oxide Al,O, (MS) coatings has smooth
relief with uniform cross-section structure. The AIN
coatings have crystalline structure with crystalline
phase fracture section.

The coatings thickness was 2.1 um for stainless steel
and 1.8 um in the case of ti-tanium alloy substrates. The
roughness parameters R /R _of the uncoated and oxide
coated stainless steel substrates were 0.007/0.040 pm
and 037/0.240 um, corresponding-ly. In the case of
titanium alloy substrates the roughness parameters have
avaluesR /R 0.013/0.187 pmand 0.117/0.797 pm. The
friction coefficient of oxide coatings on the stainless
substrate was about 0.1 and was less than for metal
materials with a strong tendency to decrease in fluids
up to value 0.07. Reduction of the friction coefficient
can be attributed to adsorbed liquids providing the
lubrication or to ceramics tribochemical reactions with
formation of hydrated surface layers acting as solid lu-
bricant films. The mechanical properties of the coatings
are the hardness H and effective Young's modulus E*.
Mechanical behavior of the films is characterized by
the ratio H/E* [22, 23]. There is the correlation between
the mechanical properties and coating structure. The
incorporation of the nano crystalline phase transition
layer of composite coating in the amorphous matrix
strongly increases the values of H, H/E* and mechani-
cal properties of nitride/oxide composite films.

The mechanical parameters of composite oxide and
oxynitride coatings deposited on the SS and Ti alloy
substrates were presented in the table 1.

The addition of nitride layer in the composite
coating's structure strongly increases the hardness of
films from 9 to 14 Gpa and the ratio H/E* from 0.05
to 0.08. The en-hancement of mechanical properties

Table 1
Mechanical characteristics of oxide and oxynitride coatings
deposited on the stainless steel (1H18N9) and titanium alloy

substrates (Ti4Al6V)
Material/ Mechanical parameters (average results 10 tests)
Coating type Hardness H Young H/E* Adhesion
[GPa] Modulus [GPa] [N]
SS/ AL, O4 9.7 174.7 0.057 43.1
SS/ AIN 14.3 184.4 0.078 50.3
SSIAIN 12.9 1786 [ 0071 | 459
ALO;
Ti/ Al,03 9.2 170.3 0.052 37.1
Ti/ AIN 13.8 183.1 0.075 47.2
Ti/ AIN/ AL,O; 12.5 177.9 0.069 40.7
Table 2

Electrochemical parameters of oxide coatings deposited
on the stainless steel (1H18N9) and titanium alloy substrates

(Ti4Al6V)
Material/ Electrochemical parameters
Coating type Ecorr [V] Teorr [A] R, [MQ]
ss —0.370 8.07-10° 2.7
SS/ ALO; —0.160 276107 7.9
Ti —0.250 5.60- 107 3.9
Ti/ ALLO, —0.027 5.89-101° 36.9

such as hardness, toughness, elastic recovery and wear
resistance of nitride/oxide composite coatings is very
important for tribological applications.

The electrochemical parameters of oxide coatings
such as corrosion potential (Ecorr), corrosion current
density (Icorr) and corrosion resistance (Rp) were
evaluated and presented in table 2.

The oxide coated substrates demonstrate the highest
corrosion potential and re-sistance, the lowest corrosion
current in comparison with metals both on titanium
alloy and stainless steel substrates. The data show that
coatings deposition had improved the corrosion resis-
tance parameters by a factor of ten and charge-transfer
kinetic perfor-mance of interfaces for both the stainless
steel and the titanium alloy substrates.

The contact angles were measured by means of
tensiometric method (table 3). Prior to contact angle
measurements, samples were ultrasonically cleaned in
acetone and deionised water and dried. The standard
liquids with well-known values of surface tension,
component of dispersion and polar interaction such as
water, formamide, diiodo methane, ethylene glycol,
a-bromo naphthalene and were used.

Table 3
The average values of the advancing contact angle at 20°C temperature
Substrate/ Water, Formamide, Ethylene Diio- a-bromo-
coating [°] [°] Glycole, [°] dometane, [°] naphthalen, [°]
Steel(SS)/Al, 05 54.70 48.15 42.29 44.02 26.97
TigAlsV/ALO; 55.60 44.00 44.77 46.17 28.04
Steel(SS) 72.40 45.60 51.80 37.30 18.30
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Fig. 2. Changes in chemical composition of the surface of the
prosthesis head made of stainless steel, depending on the wear by
spectrometry

The results of tensiometric tests show the hydro-
philic nature of coated surfaces in comparison with
metal one.

Spectral analysis of prosthesis head surfaces made
of stainless steel by spec-trometer ElvaX (fig. 2) was
made. The change in the ratio of metals in the wear area
of the upper pole of the prosthesis head was observed.
Marked reduction ratio of iron ions to 1 %, molybde-
num to 8.3 %, without significant changes in the ratio
of nickel, chro-mium and manganese contents was
detected. In the case of corrosion and surface de-fect's
formation, the decrease of ratio of chromium, molybde-
num and manganese was detected. In the bone adjacent
to the neck of the prosthesis, the presence of chromium
ions to 1.1 %, and iron to 0.8 % was observed. In the
bone cement near the neck of the prosthesis and near
the bone the presence of chromium up to 2 %, iron up
to 1.6 % was detected. Significant differences in the
presence of metal ions between the place of fret-ting
and bone were not found.

Changes on the surface of titanium heads are more
pronounced in areas of wear (fig. 3). The proportion
of titanium ions reduced to 1.4 %, molybdenum, vana-

Fig. 3. Changes in chemical composition of the surface of the
prosthesis head made of titanium, depending on the wear by
spectrometry

dium, iron, scandium proportion remained unchanged.
The ratio of calcium and potassium ions in wear area is
increased by three times indicated the chemical activity
in the wear and corrosion areas. The presence of tita-
nium ions up to 0.8 % in the bone adjacent to the neck
of the prosthesis and bone cement was indicated. The
obtained results confirm that the active electrochemi-
cal processes took place not only in the friction area of
metal, metal and bone cement (fretting), but also in the
areas of metal friction with cartilage or bone.

In 14 patients with oxide-coated head of prosthe-
sis, observation was carried out for 2-2.5 years with
positive results. An example of the use of prostheses
with coated heads well illustrated by a clinical case of
a patient P. with the right side prosthesis with oxide
coated head of conchoid form.

Clinical case

Patient P., 74 years old. December 20, 2012 year had
neck fracture of right hip. 28 December 2012 after the
fracture of the right femur head the hemiarthroplastic
hip replacement by prosthesis head coated with nano-
composite oxinitride film was made. On the radiograph
(fig. 4, a), of the right joint from December 28, 2012

Fig. 4. Radiographs of clinic application of unipolar prosthesis with femoral head coated by nanocomposite oxinitride film
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between head prosthesis and an acetabular gap of 3 mm
was detected. On the radiograph fig. 4, b, of the right hip
joint from December 28, 2013 (one year after surgery)
between the head of joint and the acetabular gap of 3
mm and no ossification of the capsule was observed
On the radiographs fig. 4, c, of the right hip joint from
October 22, 2014 (2 years after surgery) gap of 3 mm
between the head and the acetabular prosthesis and no
ossification of the capsule was recorded.

Conclusions

The nanocomposite ceramic coating deposition on
metal femoral head (stainless steel 1H18NO, titanium
Ti6Al4V alloys) allows to combine the inertness of
ceramic ma-terials with hardness and failure strength
of metals, to reduce wear and corrosion of arti-ficial
joints and the to advance mechanical parameters of
unipolar prosthesis for patients of elder age groups
with a femoral neck fractures, as possible applications
of this tech-nology.

Titanium head unipolar hip replacements are un-
stable to mechanical loading. In place of the maximal
loads «metal-cartilage», «metal-bone» is an active
transfer of the metal ions into the surrounding tissues.

Steel head in hip endoprosthesis are more stable to
wear under mechanical fric-tion, but they are unstable
to chemical changes and prevention of active metal ions
mi-gration into the surrounding tissue, particularly in
cases of surface defects formation.

In the process of unipolar prostheses made of
titanium and stainless steel produc-ing, the rubbing
surfaces of the femoral head require a protective coat-
ing of bioinert layer, which should improve safety and
tribological properties of friction surfaces.

Ceramic oxide and oxinitride nanocomposite coat-
ings have hydroplilic and bioin-ert properties, which
allow protecting the patient from migration of metal
ions of the head and improving the tribological perfor-
mance of the prosthesis. This technical de-velopment
is possible to use a bipolar hip prosthesis, as one of the
possible applications of this technology.
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